Vinylidene fluoride [VDF] oligomer is a novel substance with a smaller number of VDF units and lower molecular weight than poly(vinylidene fluoride) [PVDF]. We previously reported that the piezoelectric coefficient of VDF oligomer was greater than that of vinylidene fluoride/trifluoroethylene copolymer [P(VDF/TrFE)], and that a film composed of VDF oligomer was thin and uniform. However, the piezoelectric coefficients measured with our experimental setup using pneumatic pressure were very large. In the present study, we investigated the effects of the pyroelectricity and the substrate constraints on the piezoelectric effects of VDF oligomer by means of both experimental analyses and mathematical simulations. First, we showed that the output charge of the pyroelectric effect is large, according to our measurements. Second, we showed using the finite element method that the piezoelectric effects in the thickness direction of the film are weakened when the film is constrained by the substrate. We then estimated the piezoelectric coefficient of VDF oligomer and P(VDF/TrFE). The estimated value for P(VDF/TrFE) is similar to that reported in other previous studies.
Introduction
Organic ferroelectrics, such as poly(vinylidene fluoride) [PVDF] (1) - (16) , have been used in a number of commercially available products, such as hydrophones, pressure sensors, pacemakers, pipes for the chemical industry, and speakers, and also as a copolymer with trifluoroethylene [P(VDF/TrFE)] (17) - (19) . They are promising materials for use in tactile sensors due to a number of advantageous characteristics, including their high piezoelectric voltage sensitivity, flexibility, thinness, light weight, responsiveness over a wide frequency range, and ruggedness and inertness to chemical agents. Based on these attractive features, a number of tactile sensors have been proposed for industrial robots. Vinylidene fluoride [VDF] oligomer is a novel substance with fewer VDF units and a lower molecular weight than PVDF (20) - (27) . Since this material can be evaporated without thermal decomposition, a thin film can be prepared by the vacuum evaporation method. Among the organic ferroelectrics, VDF oligomer has the largest reported remanent polarization, which has resulted in the proposal of its use in infrared detectors and nonvolatile mem-ories (20) - (24) . Furthermore, in previous experiments using VDF oligomer thin films, we have
shown that the piezoelectric constant of VDF oligomer is larger than that of P(VDF/TrFE), and a thinner and more uniform film can be obtained (25) , (26) . Therefore, it may be possible to miniaturize PVDF-tactile sensors by replacing PVDF with VDF oligomer. Thus far, various techniques to measure piezoelectric coefficients have been proposed (1) , (28) , (29) , but the measurement results depend on the experimental apparatus. These methods can be categorized by whether the direct piezoelectric effect, i.e., applying a stress and measuring the induced charge, or the converse piezoelectric effect, i.e., applying a voltage and measuring the induced elongation, is used (28) . For both measurements, the ratio between charge and stress (or strain and voltage) does not represent the piezoelectric coefficient of the free sample, but an effective coefficient, because the film is clamped to the substrate (28) , (29) .
For converse measurements of the piezoelectric coefficient of the material in the thickness direction (d 33 ), because the deformation of the thin film is small, a more sophisticated optical system is required, such as a laser interferometer, and the measurement is strongly influenced by the optical alignment (28) . Moreover, converse measurements differ from practical tactile sensor application utilizing a direct piezoelectric effect.
In our previous studies, we used pneumatic pressure to directly measure the piezoelectric effect. Unlike other direct piezoelectric measurements, pneumatic pressure offers the advantage that the effects of destruction and noise should be small, because it is not necessary to touch the sample directly. Furthermore, the effects of static electricity should be significant, because the design of the sample used in our previous studies is similar to that used for tactile sensors based on static electricity phenomena (30) . Moreover, using pneumatic pressure, a uniform and uniaxial stress can be applied on the sample without the need to align the stress rig, which avoids the difficulties associated with the stress alignment of samples of very thin films (28) . However, the piezoelectric coefficients (d 33 ) of VDF oligomer measured by our experimental setup were much larger than those reported in other previous studies (25) - (27) .
Therefore, in the present study, we investigated the effects of pyroelectricity on the piezoelectric effects of a VDF oligomer with our experimental apparatus that uses pneumatic pressure. We then investigated the effect of the substrate constraints via numerical analysis and estimated the absolute value of the piezoelectric coefficient of the VDF oligomer.
Materials and methods

Previous work
In our previous studies (25) - (27) , we measured the piezoelectric property using pneumatic pressure. The experimental apparatus employed to evaluate the piezoelectricity of the samples is shown in Fig.1 . The sample was held in place between the upper and lower plates of the sample holder by four screws and an O-ring. To measure the piezoelectric constant along the film thickness, the sample was supported by the lower plate, which was made of a rigid material. A cavity was formed between the upper plate and the sample. The upper plate had two holes, one of which was coupled with a pressure sensor (Keyence Co., AP-43, AP-C40), and the other was coupled with an inflator. The pressure of the air in the cavity was varied.
The stress on the sample film due to air was assumed to be uniform. The electrodes were connected to a preamplifier with a probe, and the output currents of the sample and pressure sensor were acquired using an oscilloscope. The piezoelectric coefficient inherent to each material determines the relationship between the mechanical input and the electrical output. Each direction within the film has a different constant, and the output charge of the sample in the present study is due to a combination of the piezoelectric constants along all directions. Therefore, the output current of a ferroelectric material (I) is expressed as follows: 
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In our previous studies (25) - (27) , as the sample deformed on the rigid substrate, we assumed that the contribution of sample bending (specifically, elongation and compression along the surface) to the piezoelectric response could be neglected. In other words, we assumed that (25) - (27) , we varied the pressure of the air in the cavity manually using the inflator, and the coefficient |d * | was found to be 181 and 74 pC/N for VDF oligomer and P(VDF/TrFE), respectively (26) . The piezoelectric constant d 33 for P(VDF/TrFE) has been reported to be -38 pC/N (18) , which is much smaller than the value we obtained herein.
From the above experimental results, we can obtain the following equation:
This difference is thought to be due to the pyroelectric effect and the substrate constraints, as shown in the following sections.
Experiments 2.2.1. Pyroelectric effect
Ferroelectric materials are pyroelectric, which means that they generate an electric charge as a result of a reduction in the intrinsic polarization in response to a temperature rise. Pyroelectricity, which is concomitant with the piezoelectric effect, is sometimes regarded as a disadvantage of ferroelectric materials, because pyroelectricity can cause undesired artifacts in the detection of mechanical signals (2) . In the experimental apparatus, as in the case of adiabatic compression, temperature changes occurred simultaneously with the pressure changes. Consequently, if we use the piezoelectric constant measured by this apparatus, the estimated output may be larger than the actual value. Therefore, the pyroelectric effect was examined by measuring the output current when pressure was applied manually with the inflator using a thermocouple attached to the same experimental apparatus. The current generated by the pyroelectric effect when the temperature (T ) varies can be expressed as follows:
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Vol. 6, No.10, 2012 where p is the pyroelectric coefficient, whose value for VDF oligomer is larger than those for other ferroelectric polymers. For example, the values for VDF oligomer and P(VDF/TrFE) (|p|) are reported to be 68 μC/m 2 K (37 • C, 0.0102 Hz) (20) and 41 μC/m 2 K (room temperature, 1 kHz) (18) , respectively. In Eq. (4), the direction of the output charges generated when a compressive pressure is applied or the temperature increases are the same (3) . In other words, the signs of Eqs. (2) and (4) are the same. The temperature was measured using a digital thermometer with a micro thermocouple element (HPD-2123, B1.0-E-J3-M1-L100-TC1-ASP, Anritsu Meter Co., Ltd.). The junction of the thermocouple was exposed in order to quickly measure the temperature of the air. The measurement was performed in air at room temperature.
Nanoindentation
The mechanical properties of VDF oligomer, such as the Young's modulus, are unclear, although these values are necessary for evaluating the deformation state, particularly for the simulation described in the following section. In this study, we estimated the Young's modulus of VDF oligomer deposited on a glass plate using a loadingunloading test with a nanoindenter system (Elionix Inc., ENT1100 with a Berkovich indenter). The indentation elastic modulus (E IT ) was calculated by substituting the nanoindentation depth (h C ) into the following equations (31) :
where ν O and ν i are the Poisson's ratio of the specimen and the indenter, respectively, E r is the reduced Young's modulus, E i is the Young's modulus of the indenter, C is the contact compliance, and A P (h C ) is the projected area of the indentation at the contact depth. From the geometric shape of the ideal Berkovich indenter, A P (h C ) can be estimated as follows (31) :
In this study, h C was calculated as follows:
where h max is the maximum indentation depth and h r is the intersection of the tangential line to the unloading curve at the maximum load (F max ) with the displacement axis. In this study, we used 0.35 as the value for ν O . F max was 0.1 mN, and the temperature was 22
• C. The indentation speed and the holding time are 0.01 mN/s and 1 s, respectively. For the nanoindentation test, we prepared a thicker VDF oligomer film to minimize the effects of the substrate stiffness. Namely, the VDF oligomer (CF 3 (VDF) 17 I) was deposited onto a glass plate, and the thickness of the VDF oligomer and the Al electrodes were 1200 nm and 600 nm, respectively. The VDF oligomer was provided by Daikin Industries, Ltd. Two types of electrode patterns were used, and measurements were taken on the part that was not sandwiched between the two electrodes. The parts on the Al electrode and glass plate were also measured to evaluate the effect of the material just below the VDF oligomer. Moreover, for comparison, we measured a commercial PVDF film (thickness: 40 μm, Kureha Trading Co., Ltd., Elastic modulus (at 10Hz): 3 GPa (4) ). An A4-size PVDF sheet was cut into small pieces and glued onto a similar glass plate as that used for the VDF oligomer, except that the glued sides were changed because the PVDF sheet was poled in one direction. The number of measurement points for the PVDF and VDF oligomer was 35 and 41, respectively.
Theory
In a thin film sample, a very thin layer of piezoelectric material is rigidly clamped to a much thicker substrate (28) . This attachment makes the accurate measurement of the charge
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Vol. 6, No.10, 2012 induced by the applied uniaxial stress very difficult (28) . Barzegar et al. (29) showed that the charge integration technique may lead to an order of magnitude higher apparent piezoelectric coefficient for Pb(Zr, Ti)O 3 thin films on silicon substrates due to the constraint of the substrate. Likewise, it is necessary to evaluate the substrate constraints in our experiments. The piezoelectric properties of d-forms are expressed as follows (29) :
where ξ i is the strain tensor component, s P i j is the elastic compliance of the ferroelectric film under open circuit conditions, and E k is the electric intensity. Because we measured the output current generated due to the piezoelectric effects, we assumed that E k = 0. Then, assuming that the ferroelectric is an isotropic elastic body, from Eq. (9), we can obtain the following equations:
When the substrate is rigid, the strain of the ferroelectric in the plane is constrained. Therefore, assuming that the in-plane strains ξ 1 and ξ 2 are 0, the following equation is obtained:
Here, s P 11 and s P 12 are expressed as follows:
where Y P and ν P are the Young's modulus and the Poisson's ratio of the ferroelectric film, respectively. Therefore, the stress in the plane is expressed as follows:
In this study, we assumed that d 33 < 0 and d 31 , d 32 > 0 (5), (6) . 31 . However, for correct evaluation of this effect, a finite element simulation, as shown in the following section, would be necessary, because the above evaluations are based on several assumptions.
Simulation
The stress distribution of the VDF oligomer film under air pressure was investigated using the finite element method (FEM). Analysis using the FEM was performed with ANSYS Mechanical Ver.12 (ANSYS Inc., PA, USA) software. As shown in Fig. 2 , assuming the same sample as that used in our previous studies (25) , (26) , the simulation model consisted of an upper electrode/ferroelectric film/lower electrode/substrate system. In Fig. 2 , the thickness of the ferroelectric film and the electrodes is emphasized for easier viewing. We used 1/4 size models by considering the symmetry and periodicity. and Materials Engineering (26) The characteristics of each material are shown in Tables 1 and 2 . We used the characteristics of PVDF for ν P (7) . The Young's modulus of the VDF oligomer (Y p ) was determined from the results of the nanoindentation tests described in §2.2.2.
The bottom of the substrate model was constrained in all directions. A pressure of 200 kPa, similar to that used in our previous studies (25) , (26) , was applied on the upper side of the simulation model, including the substrate, the electrodes and the ferroelectric film. The electric potential in all the nodes of the upper and lower electrodes was assumed to be 0 V. By calculating the electric force on the electrodes under this assumption, the output charge (Q) could be obtained.
Results and discussion
Pyroelectric effect
Examples of the change in temperature as a function of the change in pressure is shown in Fig. 3 . In this figure, the output is treated with an averaging process in order to remove any power source noise. Temperature changes clearly occurred along with changes in the pressure. In this experimental apparatus, the screws that tighten the top and bottom holders were not fully tightened in order to avoid damaging the sample during measurement. One reason that the repeatability was poor for the piezoelectric constant, as reported previously (25) , (26) , is thought to be air leakage between the sample substrate and the O-ring. This leakage causes variations in the thermal effects, thus resulting in poor measurement repeatability.
From these data, we calculated the relationship between the changes in the pressure (ΔP) and the temperature (ΔT ) in 0.02 s (Fig. 4) . The gradient of the linear approximation formula shows ΔT/ΔP. From 3 measurements in Fig. 4 , the mean ± standard deviation of ΔT/ΔP was and Materials Engineering Vol.6, No.10, 2012 
Then, using d 33 and p for P(VDF/TrFE) (18) , (19) , we calculated the ratio of the contributions of the piezoelectric effect (d 33 ΔP) and the pyroelectric effect (pΔT ) as follows:
pΔT/d 33 ΔP = −5.29 ± 3.81 (17) From Eqs. (4) and (17) The main purpose of this study was to explain the large value of d 33 in our previous studies (25) - (27) . Therefore, similarly to our previous studies (25) - (27) , we changed the pressure by the inflator manually although it was difficult to repeat the same experimental conditions accurately. As shown in Fig. 3 , the phases of the change in the pressure and the temperature were not same. Namely, when we move the temperature data along the horizontal axis in Fig.  3 , the linear correlation coefficients between ΔP and ΔT become large in Fig. 4 . This can be attributed to the difference of the response speed of the pressure and the temperature sensors. But, it is difficult to establish the system where the pressure and the temperature can change simultaneously. Moreover, the temperature did not return to the room temperature when the pressure returned to the atmospheric pressure. Thus, as the behaviors of the pressure and the temperature were different, we did not use the amplitude of the pressure and the temperature in this calculation. In future, it would be necessary to measure the piezoelectric properties eliminating the effect of the temperature for more accurate measurements. Vinogradov et al. reported that the electrical response of PVDF thin films in direction 1 does not depend on time, temperature, pre-stress level and frequency over the 1 -50 Hz frequency range (8) . Similarly, VDF oligomer would show a flat behavior of the piezoelectric coefficients. For this reason, the effect of the rate of pressure change would be due to not the material properties but the measurement method.
Nanoindentation
Examples of the relationship between the load and the displacement for PVDF and VDF oligomer are shown in Fig. 5 . Using these data, we calculated the Young's modulus of both material. The maximum nanoindentation depths (h max ) of PVDF and VDF oligomer are shown in Fig. 6 . Conventionally, for hardness determination, the indentation depth must be 1/10 or less of the film thickness to minimize the effects of the substrate stiffness (31) . In this study, the maximum nanoindentation depth of the VDF oligomer was about 1/10 of the film thickness using a minimum indentation load for the indenter. Moreover, the maximum nanoindentation depth of the VDF oligomer on glass and aluminum was nearly the same (Fig. 7) , and the effects of the substrate were small. Therefore, it does not matter that the maximum nanoindentation depth was small, even though the Young's modulus of glass and aluminum were similar (72 and 70 GPa, respectively). The indentation elastic moduli (E IT ) of the samples are shown in Fig. 8 . The indentation elastic modulus of VDF oligomer is larger than that of PVDF. Because these values are close to the Young's modulus of PVDF taken from the product catalogue (3 GPa (4) ), the measurement appears to be correct, even though the material properties of thin films are often different from and Materials Engineering Vol.6, No.10, 2012 those of the corresponding bulk materials. From Fig. 8 , Y p was assumed to be 12 GPa in the FEM analysis described in the following section. The scattering of the measurements for PVDF is attributed to a wrinkle in the film and the non-uniform thickness of the glue. For example, when there is no glue, but a cavity below the PVDF film, the measurement values decrease. Moreover, as the Young's modulus was calculated assuming 0.35 as the value for ν O , it was necessary to determine whether this estimation was correct. Besides that, as the Young's modulus of the uniaxial PVDF film in the direction and Materials Engineering Vol.6, No.10, 2012 1, 2 and 3 differ (for example, 2.5, 2.1 and 0.9 GPa, respectively (9) ), the anisotropy would affect the measurements. Furthermore, it is necessary to consider the effect of viscoelasticity as Vinogradov et al. reported that the mechanical properties of PVDF are time-dependent (8) .
Changing the indentation speed and the holding time, the further experiments should be necessary.
Simulation
The strain of the model in the radial direction (ξ r ) on the upper surface of the simulation model is shown in Fig. 9 . Tensile strain can be seen in the boundary region. On the other hand, in the center, the strain is small and constant. Namely, in the region where the ferroelectric film lies, the strain in the plane is almost 0, even though there are some edges in the simulation model.
Stress in the radial and circumferential directions on the upper surface of the VDF oligomer is shown in Figs. 10 and 11 , respectively. The stress in the thickness direction is the same as the applied pressure, namely 200 kPa. On the other hand, the stress in the radial and circumferential directions between the electrodes is compressive and nearly 108 kPa (Figs. 10 and 11 ). Substituting ν P = 0.35 shown in Table 1 and σ 3 = −200 kPa into Eq. (14), we obtain σ 1 = σ 2 = −108 kPa, which is the same as that shown in Fig. 10 . Moreover, the values of Q obtained from the FEM analysis and the integral of Eq. (15) The value for Y p used in this FEM analysis is larger than that of PVDF taken from the product catalogue (3 GPa (4) we obtain |d 33 | = 31.5 ± 20.9 pC/N. This absolute value for |d 33 | of VDF oligomer is similar to that of P(VDF/TrFE) in other previous studies (for example, -38 pC/N (18) ). However, the scattering is very large. Consequently, when comparing two materials in this apparatus, both materials should be measured at the same time similarly to our previous studies. As mentioned previously, the advantage of using pneumatic pressure is that the effects of destruction and noise are reduced, because it is not necessary to touch the sample directly. Moreover, using pneumatic pressure, a uniform and uniaxial stress can be applied on the sample. Therefore, this method is useful for evaluating the piezoelectric effects of fragile samples. Furthermore, because an expensive optical system is unnecessary, our measurement method is simple and easy to use. However, to date, there are few data regarding the piezoelectric effect of VDF oligomer. Therefore, in future, it is necessary to measure the piezoelectric constants using the other conventional experimental apparatus and compare the both measurements similarly to Eq. (19).
Conclusion
In the present study, we aimed to improve the non-destructive method used in our previous investigations and to provide an explanation for the unexpectedly high value of the piezoelectric coefficient of VDF oligomer obtained in our previous work. We investigated the effects of the pyroelectricity and the substrate constraints on the piezoelectric effects of a VDF oligomer sample by means of both experimental analyses and mathematical simulations. First, we showed that the output charge of the pyroelectric effect is large. Second, we showed that the piezoelectric effects of d 33 are weakened by d 31 when the film is constrained by the substrate using theoretical and FEM analyses.
Considering the pyroelectric effect and the substrate constraints, d 33 of P(VDF/TrFE) was estimated to be similar to that reported in other previous studies. Because this value was determined after many simplifications and elimination of error sources based on several assumptions, it must be used with caution. It is important to note that it can be misleading to give an "absolute" d 33 value for the samples. However, our measurement method can provide a simple and easy way to measure the piezoelectric properties of fragile thin films.
